The clearnose skate (Raja eglanteria) develops in an almost opaque eggcase and lays its eggs in pairs.
INTRODUCTION
Genetic and environmental factors have been shown to affect the refractive development of higher vertebrates. Examples of the latter include findings that children of Alaskan Eskimos are more frequently myopic when they perform more near work under poor lighting conditions (Young, Leary, Baldwin, West, Box, Harris & Johnson, 1969) . Depriving the eyes of developing animals such as chickens, monkeys, tree shrews and cats of clear form vision results in myopia (Lauber, McGinnis & Boyd, 1965; Von Noorden, Dowling & Fergusen, 1970; Sherman, Norton & Casagrande, 1977; Wiesel & Raviola, 1979; Ni & ',Smith, 1989) . However, these examples demonstrate ~ change in refractive development due to a change in the visual environment postembryonically. Can refractive development be influenced by the visual environment during embryogenesis? Are lower vertebrates different than higher vertebrates?
The clearnose skate (Raja eglanteria) develops in an almost opaque eggcase, lays its eggs in pairs and can be removed from the eggcase without any apparent detrimental effects to normal development. Thus the clearnose skate provides an opportunity to easily change the normal visual environment during embryonic development. We have assessed refractive development of the *School of Optometry, University of Waterloo, Waterloo, Ontario, Canada N2L 3G1. tMote Marine Laboratory, Ss.rasota, FL 34236, U.S.A.
clearnose skate by measuring eye size, lens focal characteristics, and refractive error.
METHODS
Clearnose skate (R. eglanteria) were bred in captivity at Mote Marine Laboratory in Sarasota, Fla. Eight pairs of eggs with known dates of laying were used in this study. Embryos were maintained in temperature controlled tanks at 20-22°C. The tanks were kept in a laboratory illuminated with a Luxor Vita-lite which simulates sunlight on a 12 hr light, 12 hr dark cycle. With a radiometer, the light intensity at the surface of the experimental tank was measured as 4.5-5.5/,mol photon m -2 sec -l. Spectral data for the light source indicates it compares favourably with natural light at all visible wavelengths. Under these conditions developmental periods will span approx. 12 weeks (Luer & Gilbert, 1985) . One member of each pair was allowed to develop naturally inside the eggcase (the protected skate) while the sibling skate was removed from the eggcase (the exposed skate) on the day when seawater began to circulate freely inside the eggcase. The exposed skate continued to develop in the same controlled aquarium.
When the protected skate hatched from its eggcase naturally, the refractive states of both skates were measured using trial lens retinoscopy through the transparent wall of a small aquarium. Each skate was given 1675 1676 SHORT COMMUNICATION an overdose of tricaine methanesulphonate (MS222) (0.2%) (Gilbert & Wood, 1957) after which an incision was made behind the eyes to sever the spinal cord. Total lengths and disk widths for each hatchling were measured using digital calipers to an accuracy of +0.05 mm. The eyes were enucleated and the axial length and equatorial diameter (in the horizontal plane) were measured with calipers. The lenses were carefully removed under a dissecting microscope and the lens diameter measured using the same digital calipers.
The focal length and focal variation of 13 lenses were measured using a scanning laser monitor (Sivak, Gershon, Dorvat & Weerheim, 1986) . The lenses were placed in a specially designed lens cell containing elasmobranch balanced saline solution (after Forster, Goldstein & Rosen, 1972) . The clearnose skate lens is nearly spherical with the equatorial diameter being 2% greater than the axial diameter (Sivak, 1990) . The small size of the lens made it impossible to orient the lenses in any particular direction in the chambers. The monitor consists of a helium-neon laser mounted on an X-Y table controlled by a stepping motor. With appropriate positioning of the X-Y table, the laser beam can be deflected upwards by mirrors through the lens in the lens cell. The refracted beam is video recorded and digitized. This information is used to compute equivalent focal length for each laser position.
The apparatus was first programmed to find the optical centre of the lens. This indicated whether the lens was damaged during dissection. The focal length was measured from the principal plane (intercept of incoming beam with exiting beam) to the intercept of the beam with the optical axis. Changes in focal length with beam eccentricity are mainly influenced by spherical aberration. The laser then scanned across the lens 22 times in 0.044).06 mm steps in both the X and Y axes. The focal length on either side of the optical centre is recorded as plus signs on a focal profile. A straight vertical profile indicates minimal spherical aberration. Negative (overcorrected) and positive (undercorrected) spherical aberration are represented by the profile curving towards the left or right respectively.
Spectral transmittance of the eggcase obtained after hatching of the skate was measured over the waveband 320-750 nm using a Zeiss DMR 21 dual-beam recording Spectrophotometer. Two 1 cm 2 pieces of eggcase, one from the centre and one from the edge, were placed in a specially designed sample holder during these measurements (Hawryshyn, Chou & Beauchamp, 1985) .
The data were analysed using paired t-tests at a 5% level of significance.
RESULTS
The body sizes of the exposed and protected skates were approximately the same. The average disk width of the protected skates was 9.13 + 0.19mm compared to 8.52 __+ 0.37 mm in the exposed skates, whereas the average total length of the protected skates was 13.09 ___ 0.26 vs 13.15 + 0.29 mm in the exposed skates (Table 1 ). The fact that the body sizes were not significantly different indicates that general development of the exposed skate was not retarded after removal from the eggcase. The only visible difference between the two groups was that the exposed skates often had darker coloration. The axial length of the protected and exposed eyes was approximately the same (4.29 ___ 0.05 vs 4.32 _ 0.08 mm respectively). The equatorial diameter of the eye was found to be slightly larger in the protected skates (6.09 _+ 0.08 vs 5.89 + 0.08 mm) although this difference was not significant (t = 1.73, P = 0.11). Lens diameters from the protected skates were slightly larger than the diameters of the exposed lenses (1.94 _ 0.05 vs 1.81 __+ 0.06mm respectively). However, this difference was again not significant (t = 1.52, P = 0.15) ( Table 1) .
The refractive states of the protected and exposed skates did not show any clear trend in any direction. There was much variation in refraction even between skates of the same group. The refractive state was also variable in a single skate, possibly indicating an accommodative variation. The refractive error of all the skates ranged from +18.0 to -8.0D. Only one skate, a protected sibling, was myopic (-8.0 D). If this skate is removed from the data the range of refractive errors for all skates is +18.0 to +2.0D. Three of the exposed skates became more hyperopic than their protected sibling (a difference of +2.8 to +9.0 D). Four exposed skates exhibited less hyperopia (more myopia), than their protected siblings (between 1.6 and 6.4 D).
Since lens orientation was not controlled during lens focal measurement, the focal length results from the X and Y scans were averaged together as were the scans across the diameter of the lens, to find an average focal length. We assume that differences due to orientation uncertainty would affect both groups of lenses measured.
Out of six complete pairs tested, only one pair showed a significant difference between the protected and exposed skate. The average focal length of lenses from all seven exposed skates compared to the six protected skate lenses were almost identical (2.94+0.07 vs 2.97 ___ 0.05 mm respectively) ( Table 1) . Focal length variation, which is a measure of the quality of the lens, was not significantly different between the exposed and protected lenses (t = 0.61, P = 0.55). The focal profile of all lenses showed varying degrees of negative spherical aberration (Fig. 1) . There was no area of higher variability in focal length across the lens between the two groups (Fig. 2) .
The short wavelength cutoff (wavelength at which transmittance fell to zero) of the eggcase transmittance curve was approx. 520 nm (Fig. 3) . The transmittance of the eggcase increased gradually with wavelength, reaching its maximum value of 25% at 750 nm.
DISCUSSION
The fact that there are no significant differences in optical development between the exposed and protected skates may be due to the fact that the window of ambient light exposure occurred during embryonic development. It is possible that the pl~Lstic period for refractive development only begins after hatching. Embryonic chicks have been exposed to light stimulation by cutting a window in the eggshell without an apparent effect on post-embryonic refractive development (Andison, personal communication). The work with chick embryos suggests that the plastic period for refractive development occurs after hatching.
The genus Raja contains more species than any other elasmobranch genus (Nelson, 1984) . Most, if not all of these species appear to have opaque eggcases with horns and sticky tendrils at the ends for anchorage in the sand (Breder & Nichols, 1937) . These species lay their eggs in a wide range of habitats, from light coloured sand in the Gulf of Mexico, at 30-60 ft, to darker sand and vegetation on other coasts.
One of the possible functions of the opaque eggcase is to protect the developing embryo from harmful radiation. The transmittance results show that the eggcase blocks out ultraviolet radiation (< 400 nm, Fig. 3 ). The eggcases gradually tan after being laid, turning darker due to the oxidation of an enzyme, catechol, contained in the eggcase (Koob & Cox, 1988) . This provides increasing protection from UV light. However, the exposed skate embryo eye did not appear to be different when compared to its protected sibling. The amount of UV radiation from the laboratory lights, which simulate natural sunlight, would likely equal or exceed the levels found in nature since the eggs are naturally laid in deeper water which filter out some of the shorter wavelengths (Loew & McFarland, 1990) . Therefore, the dark eggcase does not appear to be protecting the developing eye from UV radiation.
The lens of the clearnose skate is one of the most spherical among the elasmobranchs. Unlike the teleost lens, which is nearly spherical, the elasmobranch species exhibit a large range of lens shapes (Sivak, 1991) . The largest difference between the axial and equatorial diameters (18%) has been found in the bluntnosed stingray (Dasyatis sayi) (Sivak, 1991) . The clearnose skate lens becomes more spherical from hatching to adulthood (Sivak & Luer, 1991) . Sivak and Luer (1991) found the average axial and equatorial lens diameters to be 1.89 and 2.14 mm in the hatchling skate. These measurements compare well to the 1.81-1.94 mm range of lens diameters found in the exposed and protected skates. The lenses used in the present study also showed varying degrees of negative spherical aberration. In the 1991 study by Sivak and Luer, the adult skate lenses showed minimal amounts of spherical aberration. The crescentshaped opercular pupil in the skate may provide some optical correction for the spherical aberration by only allowing the beams of light from the periphery of the lens to focus on the retina (Murphy & Howland, 1991) . The operculum blocks any light that would project through the centre of the lens. Further research should focus on manipulating the visual environment of hatchling clearnose skates to determine whether a plastic period for refractive development exists post-embryonically as in certain high vertebrates.
